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Abstract
Epithelial cells lining the oral cavity are exposed to HIV-1 through breast-feeding and oral–genital contact. Genital secretions and breast
milk of HIV-1-infected subjects contain both cell-free and cell-associated virus. To determine if oral epithelial cells can be infected with
HIV-1 we exposed gingival keratinocytes and adenoid epithelial cells to cell-free virus and HIV-1-infected peripheral blood mononuclear
cells and monocytes. Using primary isolates we determined that gingival keratinocytes are susceptible to HIV-1 infection via cell-free
CD4-independent infection only. R5 but not X4 viral strains were capable of infecting the keratinocytes. Further, infected cells were able
to release infectious virus. In addition, primary epithelial cells isolated from adenoids were also susceptible to infection; both cell-free and
cell-associated virus infected these cells. These data have potential implications in the transmission of HIV-1 in the oral cavity.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The transmission of HIV-1 occurs predominantly
through mucosal surfaces by unknown mechanisms. Vari-
ous hypotheses have proposed how such transmission may
occur. One of the most accepted of these is that breaks in the
mucosal surfaces directly expose the underneath lymphoid
cells to the virus. Another possibility is that infected den-
dritic cells transmit HIV-1 directly to CD4 cells under-
neath the epithelial layer (Cameron et al., 1992). Some
investigators have detected HIV-1 DNA in oral mucosal
Langerhans’ cells isolated from HIV-1 patients and in
vitro studies have suggested that some peripheral blood
dendritic cells can sequester the virus or become infected
and transmit HIV-1 to CD4 T cells (Chou et al., 2000;
Weissman et al., 1995). However, epithelial cells them-
selves have been implicated in playing a role in infection.
The question of whether they transport the virus without
becoming infected or whether they become infected and
subsequently transmit the virus to the lymphoid tissue be-
low remains controversial. In this regard, some epithelial
cells have been shown to sequester virus (Dezzutti et al.,
2001) and others have been shown to trancytose HIV-1
(Bomsel, 1997). These studies did not demonstrate the abil-
ity of epithelial cells to become infected with HIV-1; how-
ever, much data have been accumulated showing that epi-
thelial cells, particularly cell lines of endometrial, cervical,
vaginal, and colonic origin, can be infected with HIV-1 in
vitro (Asmuth et al., 1994; Howell et al., 1997; Tan and
Phillips, 1996; Yahi et al., 1992). Although epithelial cells
in general do not express the HIV-1 receptor CD4 they do
express galactosylceramide (GalC), which has been shown
to act as a receptor for HIV-1 (Delezay et al., 1997; Harouse
et al., 1991). In addition, some epithelial cells also express
the HIV-1 coreceptors CCR5 and/or CXCR4 (Delezay et
al., 1997; Jordan et al., 1999; Murdoch et al., 1999).
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The potential for HIV-1 to infect epithelial cells of the
oral cavity is an important question because of the rich
supply of lymphoid tissue beneath the epithelial lining. The
possibility of transmission during oral sex or breast-feeding
requires a better understanding of this potential sight of
entry for HIV-1. Despite the fact that the oral environment
has been shown to have anti-HIV-1 properties it has been
reported that the possibility of infection via the oral cavity
is likely, albeit at a low rate of incidence. For instance,
infection of macaques after nontraumatic oral exposure to
SIV has been demonstrated and HIV-1 DNA has been
isolated from oral epithelial cells of HIV-1 patients (Baba
et al., 1994; Baba et al., 1996; Qureshi et al., 1995). Further,
epidemiological studies have reported transmission of the
virus after oral–genital contact only (Keet et al., 1992;
Rozenbaum et al., 1988; Schacker et al., 1996).
Little work has been done to study the infection of oral
epithelial cells by HIV-1. A recent report has shown that
primary human gingival cells could be infected with cell-
free virus, (Pang et al., 2000) and Kage et al. (1998) dem-
onstrated that HIV-1 could be taken up and transported by
these cells. In previous studies we demonstrated the ability
of primary isolates of HIV-1 to infect two transformed
salivary gland epithelial cell lines (HSY and HSG) via
cell-free and cell-associated infection (Han et al., 2000;
Moore et al., 2002). In the present study we have investi-
gated the ability of cell-free and cell-associated primary
isolates of HIV-1 to infect normal, primary epithelial cells
isolated from the gingiva and adenoid.
Results
HIV-1 receptor and coreceptor expression on epithelial
cells
Expression of HIV-1 receptor and coreceptors by the
keratinocytes was investigated by flow cytometry and RT-
PCR. CD4 was not found to be expressed by the keratino-
cytes at the protein or mRNA level (Figs. 1 and 2); however,
the alternate receptor GalC was expressed on the cell sur-
face (Fig. 2). The chemokine receptors CCR2, CCR3,
CCR5, and CXCR4 have been shown to serve as corecep-
tors for HIV-1 allowing for entry of the virus into the target
cell. mRNAs for CXCR4, CCR3, and CCR2 were strongly
expressed, whereas the message for CCR5 was expressed at
a much lower level (Fig. 1). Cell surface expression dem-
onstrated a different pattern. The levels of expression of
CXCR4, CCR5, and CCR3 were comparable whereas
CCR2 was undetectable on the keratinocyte surface (Fig. 2).
It has been shown that anti-HIV-1 IgG antibodies can
enhance infection, perhaps by binding to Fc receptors on the
surface of target cells allowing for infection or transcytosis
(Homsy et al., 1989; Takeda et al., 1988). Previous reports
have demonstrated the presence of Fc receptors on the
surface of oral epithelial cells (Hussain and Lehner, 1995;
Nunes et al., 1994); therefore, we investigated the presence
of these receptors on our keratinocytes using flow cytom-
etry. Unlike data of previous reports the presence of FcRI
on the keratinocytes in addition to low levels of FcRII
expression were noted. No detectable expression of FcRIII
was observed (Fig. 2).
HIV-1 coreceptor expression was investigated on the
adenoid epithelial cells by RT-PCR. These cells expressed
message for CD4, CXCR4, and CCR5 (Fig. 1). Due to the
limited amount of tissue available, examination of protein
expression by flow cytometry was not done on the adenoid
cells.
Cell-associated HIV-1 does not infect gingival
keratinocytes
To determine if HIV-1 could be transmitted to keratin-
ocytes via cell-associated infection several isolates of ker-
atinocytes were exposed to HIV-1 infected PBMC and
monocytes. The peripheral blood mononuclear cells
(PBMC) and monocytes were infected with two isolates
each of R5 HIV-1 (HIV-1KW and HIV-1MP) and X4 HIV-1
(HIV-1HAHO and HIV-1GOPA).
Exposure of the keratinocytes to HIV-1-infected PBMC
yielded low levels of p24 production (Fig. 3). Levels of p24
were extremely variable with each keratinocyte isolate and
were generally highest at day 1 and became nearly unde-
tectable by day 7. Treatment of monocytes with mitomycin
C resulted in loss of viability by 24 h posttreatment and the
total loss of p24 production by day 3 postinfection (data not
shown). p24 was detected in the monocytes 5 and 24 h
postinfection; however, the levels were barely above the
threshold of detection at about 10 pg/ml. Exposure of the
keratinocytes to the HIV-1-infected monocytes yielded re-
sults similar to those seen with PBMC-mediated infections
(Fig. 4). Although somewhat higher levels of p24 produc-
tion were detected, the results remained widely varied. In
Fig. 1. Analysis of mRNA expression of CD4 and HIV-1 coreceptors by
gingival keratinocytes and adenoid epithelial cells. RT-PCR was performed
on 1 g of RNA isolated from indicated cells. PBMC were used as positive
controls and mouse 3T6 cells were used as a negative control. -Actin was
used to control for PCR efficiency. Lane 1, PBMC; lane 2, 3T6; lane 3,
keratinocyte isolate A; lane 4, keratinocyte isolate B; lane 5, adenoid
isolate A; lane 6, adenoid isolate B.
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Fig. 2. Flow cytometric analysis of surface expression of HIV-1 receptors and coreceptors on gingival keratinocytes. Representative histogram overlays from
an isotype control (thin line) and the indicated antibody (thick line). Data shown are representative of four analyses.
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both cell-associated infections no proviral DNA was de-
tected in the keratinocytes at any time point.
In separate experiments, the PBMC infected cultures
were stained for CD4 and the monocyte cultures were
stained for CD14 immediately after infection and washing
to search for residual donor cells. No PBMC or monocytes
were detected.
Cell-free HIV-1 efficiently infects keratinocytes
To determine the ability of cell-free virus to infect the
keratinocytes, filtered HIV-1 was incubated with several
different isolates of keratinocytes. The same HIV-1 isolates
were used as above. The X4 isolates, HIV-1HAHO and HIV-
1GOPA, did not infect the keratinocytes via cell-free infec-
tion. No significant p24 production was detected at any time
point. However, cell-free R5 viruses productively infected
the keratinocytes (Fig. 5). Again, the levels of p24 produc-
tion varied widely between each keratinocyte isolate; how-
ever, they were significantly higher than those demonstrated
with the cell-associated infections. Infection with HIV-1 did
not appear to affect the viability of the keratinocytes. Pro-
viral DNA was detected in the infected keratinocytes at day
7 of infection (Fig. 6). According to published reports, the
HIV-1 envelope glycoprotein gp120 V3 loop can specifi-
cally bind to GalC (Cook et al., 1994; Long et al., 1994;
Yahi et al., 1995). To determine if this might be the mech-
anism of entry of cell-free virus into the keratinocytes we
preincubated the virus with HIV-1 gp160 antisera (NIH
AIDS Research and Reference Reagent Program, Rockville,
MD) (Matsushita et al., 1988; Putney et al., 1986; Rusche et
al., 1987) before infection. This antibody was able to block
infection of the keratinocytes by 83% (not shown) accord-
ing to p24 levels measured in the culture supernatants. As a
control, antibody to CD4 was also incubated with the cells
during infection and no inhibition was noted.
To further demonstrate that the keratinocytes were in-
fected with HIV-1, immunofluorescence was used to visu-
alize the presence of keratin or HIV within the cells (Fig. 7).
One hundred percent of the cells stained positively for
keratin, demonstrating the purity of the cell cultures; fur-
ther, keratinocytes infected with HIV-1MP were stained for
the presence of HIV-1 using serum from an HIV-1 patient
Fig. 3. Mean HIV-1 p24 levels in the supernatants of epithelial cell cultures
infected via PBMC. Keratinocytes were incubated with PBMC infected
with four primary strains of HIV-1. p24 levels were determined by ELISA
at the indicated time points. Error bars indicate standard error. Numbers
beside virus name indicate the number of times p24 was detected out of the
number of times attempted.
Fig. 4. Mean HIV-1 p24 levels in the supernatants of keratinocytes infected
via monocytes. Gingival keratinocytes were incubated with monocytes
infected with HIV-1. p24 levels were determined by ELISA at the indicated
time points. Error bars indicate standard error. Numbers beside virus name
indicate the number of times p24 was detected out of the number of times
attempted.
Fig. 5. Mean HIV-1 p24 levels in the supernatants of keratinocytes infected
with cell-free HIV-1. Cells were incubated with the indicated strains of
HIV-1, then washed and trypsinized. p24 levels were determined by
ELISA at the indicated time points. Error bars indicate standard error.
Numbers beside virus name indicate the number of times p24 was detected
out of the number of times attempted.
Fig. 6. Analysis of HIV-1 proviral expression in the DNA of infected cells.
Nested PCR was performed on 500 ng total DNA isolated from keratino-
cytes infected with cell-free HIV-1KW. HIV-1HAHO-infected PBMC were
used as a positive control and uninfected keratinocytes were used as a
negative control. A -actin probe was used to monitor PCR efficiency and
DNA input.
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followed by labeled anti-human immunoglobulins. Positive
staining localized around the nucleus was observed. When
HIV-1 patient serum was used as a control no staining
was observed (not shown) and secondary antibodies alone
did not stain the cells.
Infected keratinocytes release infectious HIV-1 virions
To determine if infected keratinocytes can release infec-
tious HIV-1, culture supernatants of infected keratinocytes
were added to PBMC. Culture supernatants of keratinocytes
infected with cell-free R5 virus were used. Supernatants at
days 0 and 7 of keratinocyte infection were collected, fil-
tered, and incubated with stimulated PBMC. The levels of
p24 production were assayed on day 10 of PBMC infection.
As expected, no p24 was detected in the PBMC culture
incubated with the day 0 supernatant. However, supernatant
of PBMC incubated with the day 7 culture contained 6442.5
pg/ml of p24 10 days later. HIV-1 proviral integration was
also detected in the infected PBMC at day 10 (Fig. 8). Since
they were unable to infect the keratinocytes via cell free
infection, the X4 viruses were not used in this experiment.
HIV-1 infection of adenoid epithelial cells
Epithelial cells isolated from human adenoid were also
exposed to cell-free and cell-associated HIV-1 primary iso-
lates (Fig. 9). Infections with the cell-free X4 isolate HIV-
1HAHO yielded the most productive infection with p24 levels
peaking at 335  14.35 pg/ml on day 3. The cell-free R5
Fig. 7. Staining of HIV-1-infected keratinocytes for the presence of keratin or intracellular HIV-1. Keratinocytes infected with cell-free MP were incubated
with anti-keratins 5 and 8 antibody (B) or serum from an HIV patient (D) and subsequently stained with an anti-mouse IgG1–FITC antibody or an
anti-human Ig antibody labeled with R-phycoerythrin, respectively. Negative controls were performed using secondary antibody staining only (A and C).
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isolate HIV-1KW also efficiently infected the adenoid epi-
thelial cells; p24 levels peaked at around 188 pg/ml on days
1 and 3.
Adenoid epithelial cells were also infected with cell-
associated HIV-1 by exposure to infected PBMC. These
cells were efficiently infected with both strains of HIV-1,
but levels of p24 observed were lower than those seen after
cell-free infection. It was of interest that unlike the results
obtained with cell-free infection, the most efficient virus in
mediating cell-associated infection was the R5 isolate HIV-
1KW.
Discussion
The issue of HIV-1 infection of epithelial cells is con-
troversial despite the growing number of reports that pri-
mary epithelial cells and cell lines of different origins can be
infected with HIV-1. Body fluids such as blood, semen,
vaginal secretions, and breast milk contain cell-free virus in
addition to infected monocytes and lymphocytes capable of
transmitting HIV-1 (Phillips et al., 1994). Exposure of an
intact oral epithelium to these fluids could lead to transmis-
sion of the virus by epithelial cells to the lymphoid cells
underneath. It has been demonstrated that macaques can
become infected with SIV after nontraumatic oral exposure
to the virus (Baba et al., 1994; Baba et al., 1996). Vertical
transmission of HIV-1 from mother to child is an important
pathway of viral transmission. Ingestion of infected mater-
nal body fluids during gestation, delivery, or breast-feeding
can expose the child to the virus in colostrum or milk (Dunn
et al., 1992; Newell, 1998; Van de Perre et al., 1993).
Infection during oral/genital contact is another potential
route of exposure to virus-containing fluids such as semen
and vaginal secretions. A clinical study aimed at determin-
ing route of transmission in HIV-1-infected patients re-
ported that 4 of 12 patients who could identify the precise
time of the activity leading to seroconversion reported hav-
ing oral–genital contact only (Schacker et al., 1996). Others
have reported that viable HIV-1 can be isolated and cultured
from the semen of 17–55% of the infected men studied
(Krieger et al., 1995; Vernazza et al., 1994).
Studies in vitro have shown epithelial cells of various
origins that do not express the HIV-1 receptor CD4 can be
infected with HIV-1, including epithelial cells from the
thymus (Braun et al., 1996), the female reproductive tract
(Howell et al., 1997; Tan and Phillips, 1996), and the
gastrointestinal tract (Asmuth et al., 1994; Yahi et al.,
1992). We previously demonstrated that primary isolates of
HIV-1 can infect salivary gland epithelial cell lines via
cell-free and cell-associated infection (Han et al., 2000;
Moore et al., 2002). To further study the possibility that
HIV-1 infection of oral epithelial cells can occur in vivo we
investigated the ability of primary isolates to infect primary
epithelial cells.
Pure populations of keratinocytes were isolated from
gingival samples of HIV individuals. The cultures initially
consisted of keratinocytes and fibroblasts and selection of
keratinocytes was achieved by using serum-free media. Af-
ter 2 days no fibroblasts were observed in the cultures by
light microscopy and staining by IF revealed 100% of the
cells were keratin positive. We found that like most epithe-
lial cells, the gingival keratinocytes did not express CD4;
however, they did display surface expression of an alterna-
tive HIV-1 receptor, GalC, in addition to the coreceptors
CXCR4, CCR3, and CCR5. Keratinocytes were also found
to express significant levels of FcRI on the cell surface in
addition to low levels of FcRII. Taken together, these data
provide potential mechanisms of infection of keratinocytes,
either directly or by antibody-mediated enhancement.
It has been reported that cell-free HIV-1 can be taken up
by primary human gingival epithelial cells and transported
to and infect CD4 cells underneath; however, the capacity
of the epithelial cells to become infected was not addressed
(Kage et al., 1998). Further, primary keratinocytes isolated
from skin biopsies have been shown to be capable of infec-
tion with HIV-1 via cell-associated infection in vitro but not
by cell-free infection (Ramarli et al., 1995). In contrast, we
Fig. 8. Analysis of HIV-1 proviral expression in the DNA of PBMC
exposed to HIV-1MP-infected keratinocyte supernatants. PCR was per-
formed on 500 ng total DNA isolated from indicated cells. HIV-1HAHO-
infected PBMC were used as a positive control and uninfected PBMC were
used as a negative control. A -actin probe was used to monitor PCR
efficiency and DNA input.
Fig. 9. Mean HIV-1 p24 levels in the supernatants of adenoid epithelial
cells exposed to cell-associated and cell-free HIV-1. Epithelial cells iso-
lated from adenoid tissues were incubated with PBMC infected with
HIV-1HAHO and HIV-1KW and also cell-free HIV-1HAHO and HIV-1KW.
p24 levels were determined by ELISA at the indicated time points. Error
bars indicate standard error.
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observed no significant infection of the gingival keratinocytes
via cell-associated virus, but found that they could be infected
with cell-free virus. The levels of p24 production observed
after cell-associated infection were extremely low and no pro-
viral DNA could be detected in the keratinocytes after expo-
sure to the infected donor cells. These data suggest that the
gingival keratinocytes were not susceptible to cell-associated
HIV-1. However, significant levels of p24 were detected in the
keratinocyte cultures exposed to cell-free virus. In addition,
proviral integration and positive intracellular staining for
HIV-1 were observed in these cells, suggesting a productive
infection by cell-free virus. It is possible that the keratinocytes
were exposed to a viral inoculum in the cell-associated method
lower than that in the cell-free method, explaining the differ-
ence seen between the two. A great deal of variability was
observed in the infections of the keratinocytes. This was not
entirely unexpected because of similar variability commonly
seen when dealing with primary human tissues of numerous
donors. The keratinocytes used in this study were isolated from
gingival tissues rather than skin biopsies; this might explain the
differences observed in our results and those previously re-
ported.
To determine the mechanism of infection of the cell-free
virus, blocking studies were performed. The infection of the
keratinocytes could be blocked with HIV-1 gp160 antisera.
GalC has been shown to specifically bind to gp120 and
these data suggest that the virus uses GalC as a receptor for
entry into the keratinocytes (Cook et al., 1994; Long et al.,
1994; Yahi et al., 1995). However, we were unable to
directly test this by using an antibody to GalC to block
infection due to the inability of the commercially available
antibody to block HIV-1 entry. Furthermore, addition of the
chemokines that bind CCR5, CXCR4, CCR3, and CCR2
were unable to block infection of the keratinocytes, suggest-
ing the possible use of alternative coreceptors.
Because of the tendency of the virus to replicate in lymph
nodes during latency periods it is important to determine the
role of secondary lymphoid organs in HIV-1 transmission and
pathogenesis. The tonsils, secondary lymphoid organs which
belong to mucosa-associated lymphoid tissue, are part of a
“ring” of lymphoid tissues around the nasopharnyx and oro-
pharynx called the Waldeyer ring. It has previously been dem-
onstrated that adenoid (also known as the nasopharyngeal
tonsil) tissue from HIV-1-infected patients contained intracel-
lular HIV-1 Gag protein in the epithelia lining the crypts
(Frankel et al., 1997). However, it has not been determined if
epithelial cells lining the tonsils can themselves be infected
with HIV-1. We have shown in this report that epithelial cells
freshly isolated from adenoid tissues can be productively in-
fected in vitro with primary isolates of cell-free and cell-
associated HIV-1. The X4 isolate HIV-1HAHO was more effi-
cient in cell-free infection, whereas the R5 isolate HIV-1KW
was more efficient in cell-associated infection. Overall, cell-
free infection of the epithelial cells with HIV-1 appeared to be
more productive, as was seen in the keratinocyte infection.
It is of interest to note that the X4 virus HIV-1HAHO was
able to infect the adenoid epithelial cells more productively
than the keratinocytes. Neither X4 virus was shown to infect
the keratinocytes at significant levels. The possibility that
the adenoid cells express CD4 on their surface might ac-
count for more efficient infection by all strains of HIV-1.
Due to the limited numbers of cells available for study we
were not able to investigate the mechanism of infection of
adenoid epithelial cells.
It is known that HIV-1 isolates obtained from acutely
infected patients display the R5 phenotype, whereas the
emergence of X4 viruses usually coincides with progression
to AIDS (Zhu et al., 1993). In a previous report we observed
selection of R5 viruses by oral epithelial cell lines during
monocyte/HIV-1 infection (Moore et al., 2002). In this
report we also note selection of R5 viral isolates by cell-free
infection of the keratinocytes. The mechanism of selection
of HIV-1 is still unknown. It has been suggested that epi-
thelial cells lining mucosal surfaces can play a role in
selection (Janoff and Smith, 2001). Our studies of oral
epithelial cell lines and primary oral epithelial cells support
this emerging concept.
We have suggested that HIV-1 can enter the epithelial cells
lining the oral cavity and in turn transmit virus to the lymphoid
tissues underneath. Regardless of whether the virus infects or is
transcytosed by the keratinocytes it was important to ascertain
whether the HIV-1 virions released by the keratinocytes could
infect CD4 cells. Indeed, virus in the supernatant of keratin-
ocytes infected with cell-free HIV-1MP (R5 virus) was shown
to infect PBMC. The level of infection was reduced compared
to PBMC directly infected with cell-free HIV-1MP; neverthe-
less, it was demonstrated that the infected keratinocytes re-
leased infectious HIV-1.
It is important to understand the various mechanisms of
HIV-1 infection across mucosal surfaces because of the
prevalence of transmission via these routes. A better under-
standing of the cellular targets for primary infection and the
mechanism of selection of viral isolates could provide a
foundation for the development of preventive vaccines and
therapeutics. Most studies have centered on cervical and
gastrointestinal epithelia; the oral epithelium has received
little attention. The oral cavity is the first area of the mucosa
exposed to the virus during breastfeeding and oral–genital
contact; thus it is important to understand the ability of
HIV-1 to infect epithelial cells lining the mouth. In this
study we have shown that some isolates of HIV-1, particu-
larly R5 strains, can infect gingival keratinocytes primarily
through cell-free exposure and that these cells can in turn
transmit infectious virus to CD4 cells.
Materials and methods
Viruses
Four primary HIV-1 isolates were used for these studies.
Virus tropism was determined by infection of the MT-2 cell
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line and PBMC with the primary HIV-1 stocks, as described
elsewhere (Jong et al., 1996). Two primary HIV-1 stocks,
designated HIV-1KW and HIV-1MP, failed to induce syncy-
tia in MT-2 cells or PBMC and were determined to have a
non-syncytium-inducing (NSI) phenotype. Stocks of two
additional primary isolates, designated HIV-1GOPA and
HIV-1HAHO, induced syncytia formation in MT-2 cells and
were determined to be syncytium-inducing (SI) strains. In
addition, assays using GHOST cell transfectants expressing
either CCR5 or CXCR4 were performed (Cecilia et al.,
1998). Based upon this assay the HIV-1KW and HIV-1MP
primary HIV-1 strains were determined to express the R5/
NSI phenotype, and the HIV-1GOPA and HIV-1HAHO pri-
mary HIV-1 strains to express the X4/SI phenotype.
Cell culture
Normal human gingival tissues were removed from HIV-
patients undergoing periodontal flap surgery. The tissues
were stored and transported in Dulbecco’s modified Eagle’s
medium (DMEM)/Ham’s F12 (Gibco, Gaithersburg, MD)
supplemented with 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 g/ml). Keratinocytes were
isolated from the tissues as described previously (Wille et
al., 1990). Briefly, the tissues were washed (5–10) in 70%
ethanol followed by a wash in complete DMEM/F12 media
and then were cut into numerous small pieces of approxi-
mately 0.5 cm2 with a surgical blade, placed on plastic T25
tissue culture flasks, and allowed to attach for 30–60 min
without added medium. Complete DMEM/F12 media was
then added and the explants were incubated in a CO2-
humidified culture incubator at 37°C. Once outgrowth of
cells was detected from the tissues the DMEM/F12 media
was removed and replaced with keratinocyte–SFM media
(Life Technologies, Rockville, MD) supplemented with hu-
man recombinant epidermal growth factor (5 ng/ml), bovine
pituitary extract (50 g/ml), penicillin, and streptomycin.
When the keratinocytes were ready for culture the tissues
were removed and the keratinocytes were trypsinized and
cultured in keratinocyte media.
Adenoids were obtained at the time of adenoidectomy
from HIV- subjects and epithelial cells were isolated as
described previously (Endo et al., 1996). The cells were
cultured in DMEM/Ham’s F12 supplemented with 0.5%
fetal bovine serum, penicillin, and streptomycin.
PBMC were obtained from healthy donors by Ficoll
gradient centrifugation, stimulated with PHA for 48 h, and
cultured in RPMI medium supplemented with 10% fetal
bovine serum, penicillin, and streptomycin (complete me-
dia). Monocytes were obtained from PBMC of healthy
donors by plastic adherence at 37°C for 2 h in human AB
serum. Mononuclear cells that did not adhere to the plastic
were washed off with PBS and the adherent cells were
cultured in complete media.
Virus infections
PHA-stimulated PBMC (1  107) were exposed to the
different strains of HIV-1 (TCID50  105) at a multiplicity
of infection (m.o.i.)  0.01 for 1 h at 37°C. In some
experiments PBMC were exposed to 1 ml of filtered culture
supernatant from infected keratinocytes and then cultured
for 7 days in complete media. The infection of monocytes
was done as described previously (Tan and Phillips, 1996).
Briefly, freshly isolated monocytes were cultured for 48 h
after which infected PBMC (day 7 of infection) were mixed
at a ratio of 1:5 with noninfected PBMC and the mixture
was then seeded into the monocyte cultures at 106/ml. The
PBMC were left in culture with the monocytes for 7 days
and then removed by washing. The infected monocytes
were used to infect the epithelial cells in turn within 5
days of removal of the PBMC. In order to prevent car-
ryover of infected cells that would subsequently interfere
with correct assessment of epithelial infections, mono-
cytes were preexposed to mitomycin C (200 g/ml) for
1 h at 37°C and then washed thoroughly with PBS.
Subsequent infection of keratinocytes followed the same
procedure as that used for PBMC. Monocytes were re-
moved from the plates prior to treatment with mitomycin
C using a cell scraper.
To infect with cell-associated virus, 1  106 HIV-1-
infected PBMC or 5  105 HIV-1-infected monocytes were
added to the epithelial cells plated in six-well tissue culture
plates at 90% confluency. After 6 h of incubation at 37°C
the epithelial cells were washed three times with cold PBS
and three times with cold DMEM/F12 medium, then
trypsinized and placed in culture in the appropriate com-
plete media. To infect with cell-free virus, 0.5 ml of filtered
HIV-1 (TCID50  105) plus 0.5 ml of keratinocyte or
adenoid media was incubated with the epithelial cells in
six-well tissue culture plates. After 6 h of incubation the
cells were washed and trypsinized as described above.
Flow cytometry
Infected keratinocytes were stained with FITC (floures-
cein isothiocyanate)-labeled anti-CD4 or anti-CD14
(Pharmingen, San Diego, CA). Uninfected epithelial cells
were stained with the following fluorochrome-tagged anti-
bodies for flow cytometric single color analysis: anti-CD4
(Becton Dickenson, San Jose, CA), anti-CCR2, anti-CCR3,
anti-CCR5, and anti-CXCR4 (all from R & D Systems,
Minneapolis, MN). Cells incubated with biotinylated anti-
GalC (Boehringer Mannheim, Indianapolis, IN) antibody
were subsequently incubated with goat anti-mouse IgG3–
FITC (Caltag, Burlingame, CA). Cells (5  105) were
incubated with each antibody at 4°C for 30 min, washed,
and then fixed with 1% paraformaldehyde. The stained cells
were then analyzed on a FACStar flow cytometer.
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RT-PCR
Total RNA was extracted from uninfected keratinocytes
using RNeasy Total RNA Kit (Qiagen, Valencia, CA) ac-
cording to manufacturer’s instructions. RT-PCR was per-
formed using Titan one-tube RT-PCR System (Roche, In-
dianapolis, IN). One microgram of RNA was reverse
transcribed (48°C for 45 min) and the resulting DNA was
amplified by 35 cycles of 94°C for 1 min (45 s for CXCR4),
56°C for 1 min (60°C for 1 min 30 s for CXCR4), 72°C for
2 min and 1 cycle of 72°C for 10 min by using synthetic
oligonucleotide primers specific for CCR2B (sense,
CCAACTCCTGCCTCCGCTCTA; antisense, CCGCCA-
AAATAACCGATGTGATAC; product size, 255 bp) (Jor-
dan et al., 1999), CCR3 (sense, TGGCGGTGTTTTTCA-
TTTTC; antisense, CCGGCTCTGCTGTGGAT; product
size, 315 bp) (Hayes et al., 1998), CXCR4 (sense, AATCT-
TCCTGCCCACCATCTACTCC; antisense GCGGTCA-
CAGATATATCTGTC ATCTGCC; product size, 430 bp)
(Zella et al., 1998), CCR5 (sense, TGCTACTCGGGAAT
CCTAAAAACT; antisense, TTCTGAACTTCTCCCCGA-
CAAA; product size, 280 bp) (Hayes et al., 1998), CD4
(sense, AGTTGCATCAGGAAGTGAACCT; antisense,
CTGAGACAT CCGCTCTGCTTGG; product size, 383 bp)
(Worgall et al., 1999), and -actin (sense, GTG GGGCG-
GCCCCAGGCACCA; antisense, CTCCTTAATGTCACG-
CACGATTTC; product size, 545 bp). The PCR products
were analyzed on a 1.8% agarose gel.
PCR
Total DNA from infected cells was prepared using
QIAamp DNeasy Tissue kit (Qiagen, Valencia, CA) accord-
ing to the manufacturer’s instructions. For detection of
proviral DNA in PBMC, PCR was performed using the PCR
core kit from Roche (Indianapolis, IN) and 0.4 m each of
HIV-1 gag gene-specific primer pairs SK38 and SK39 (Re-
search Genetics, Huntsville, AL) with a product size of 115
bp. PCR amplification was done for 35 cycles consisting of
denaturation at 94°C for 1 min, annealing at 56°C for 2 min,
and extension at 72°C for 3 min in each cycle and a final
extension at 72°C for 10 min. The PCR products were
analyzed on a 1.5% agarose gel.
For detection of proviral DNA in the keratinocytes
nested PCR was used. DNA was first amplified by 30 cycles
of 94°C for 1 min, 45°C for 1 min, and 68°C for 1 min and
1 cycle of 72°C for 10 min with an outer set of primers
(LTR I, 5-CAAGGATCCTTCCCTGATTGGCAG AAC-
TAC-3; LTR II, 5-TAACCAGAGAGACCCAGTACAG-
GCAAAAAG-3; 406 bp). An aliquot (2 l) of product was
reamplified using the same temperatures and times as above
with an inner set of primers (LTR III, 5-GACCTTTGGAT-
GGTGCTACAAGCTA-3; LTR IV, 5-CCTGGAAAGTC-
CCCAGCGGAAAGTC-3; 255 bp). The products were an-
alyzed on a 1.8% agarose gel.
Immunofluorescence
HIV-1-infected keratinocytes were grown on chamber
slides and fixed in 5% acid/alcohol. The cells were
stained with anti-keratins 5 and 8 (Caltag, Burlingame,
CA) followed by anti-mouse IgG1–FITC (Caltag). Addi-
tional cells were incubated with HIV patient serum to
detect HIV-1 antigens by indirect immunofluorescence.
Anti-human Ig antibody (Southern Biotechnology Asso-
ciates, Inc, Birmingham, AL) conjugated with R-
phycoerythrin was used to visualize the positive cells
under a Leitz Wetzlar immunofluorescent microscope.
Incubations with secondary antibodies only were used as
negative controls.
Acknowledgments
This work was supported in part by USPHS Grant
DE12146 and NIH Grant AI-28147. IIIB (BH10) gp160
(entire sequence) antiserum was obtained through the AIDS
Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH.
References
Asmuth, D.M., Hammer, S.M., Wanke, C.A., 1994. Physiological effects
of HIV infection on human intestinal epithelial cells: an in vitro model
for HIV enteropathy. AIDS 8, 205–211.
Baba, T.W., Koch, J., Mittler, E.S., Greene, M., Wyand, N., Penninck, D.,
Ruprecht, R.M., 1994. Mucosal infection of neonatal rhesus monkeys
with cell-free HIV. AIDS Res. Hum. Retroviruses 10, 351–357.
Baba, T.W., Trichel, A.M., An, L., Liska, V., Martin, L.N., Murphey-
Corb, M., Ruprecht, R.M., 1996. Infection and AIDS in adult
macaques after nontraumatic oral exposure to cell-free SIV. Science
272, 1486 –1489.
Bomsel, M., 1997. Transcytosis of infectious human immunodeficiency
virus across a tight human epithelial cell line barrier. Nat. Med. 3,
42–47.
Braun, J., Valentin, H., Nugeyre, M.T., Ohayon, H., Gounon, P., Barre-
Sinoussi, F., 1996. Productive and persistent infection of human thymic
epithelial cells in vitro with HIV-1. Virology 225, 413–418.
Cameron, P.U., Freudenthal, P.S., Barker, J.M., Gezelter, S., Inaba, K.,
Steinman, R.M., 1992. Dendritic cells exposed to human immunode-
ficiency virus type-1 transmit a vigorous cytopathic infection to CD4
T cells. Science 257, 383–387.
Cecilia, D., Kewalramani, V.N., O’leary, J., Volsky, B., Nyambi, P.,
Burda, S., Xu, S., Littman, D.R., Zolla-Pazner, S., 1998. Neutralization
profiles of primary human immunodeficiency virus type 1 isolates in
the context of cereceptor usage. J. Virol. 72, 6988–6996.
Chou, L.L., Epstein, J., Cassol, S.A., West, D.M., He, W., Firth, J.D., 2000.
Oral mucosal Langerhans’ cells as target, effector and vector in HIV
infection. J. Oral. Pathol. Med. 29, 394–402.
Cook, D.G., Fantini, J., Spitalnik, S.L., Gonzalez-Scarano, F., 1994. Bind-
ing of human immunodeficiency virus type 1 (HIV-1) gp120 to galac-
tosylceramide (GalCer): relationship to the V3 loop. Virology 201,
206–214.
Delezay, O., Koch, N., Yahi, N., Hammache, D., Tourres, C., Tamalet, C.,
Fantini, J., 1997. Co-expression of CXCR4/fusin and galactosylceram-
ide in the human intestinal epithelial cell line HT-29. AIDS 11, 1311–
1318.
351J.S. Moore et al. / Virology 313 (2003) 343–353
Dezzutti, C.S., Guenthner, P.C., Cummins Jr., J.E., Cabrera, T., Mar-
shall, J.H., Dillberger, A., Lal, R.B., 2001. Cervical and prostate
primary epithelial cells are not productively infected but sequester
human immunodeficiency virus type 1. J. Infect. Dis. 183, 1204 –
1213.
Dunn, D.T., Newell, M.L., Ades, A.E., Peckham, C.S., 1992. Risk of
human immunodeficiency virus type 1 transmission through breast-
feeding. Lancet 340, 585–588.
Endo, Y., Carroll, K.N., Ikizler, M.R., Wright, P.F., 1996. Growth of
influenza A virus in primary, differentiated epithelial cells derived from
adenoids. J. Virol. 70, 2055–2058.
Frankel, S.S., Tenner-Racz, K., Racz, P., Wenig, B.M., Hansen, C.H.,
Heffner, D., Nelson, A.M., Pope, M., Steinman, R.M., 1997. Active
replication of HIV-1 at the lymphoepithelial surface of the tonsil.
Am. J. Pathol. 151, 89–96.
Han, Y., Ventura, C.L., Black, K.P., Cummins Jr., J.E., Hall, S.D., Jackson,
S., 2000. Productive human immunodeficiency virus-1 infection of
epithelial cell lines of salivary gland origin. Oral. Microbiol. Immunol.
15, 82–88.
Harouse, J.M., Bhat, S., Spitalnik, S.L., Laughlin, M., Stefano, K., Silber-
berg, D.H., Gonzalez-Scarano, F., 1991. Inhibition of entry of HIV-1 in
neural cell lines by antibodies against galactosyl ceramide. Science
253, 320–323.
Hayes, I.M., Jordan, N.J., Towers, S., Smith, G., Paterson, J.R., Earnshaw,
J.J., Roach, A.G., Westwick, J., Williams, R.J., 1998. Human vascular
smooth muscle cells express receptors for CC chemokines. Arterio-
scler. Thromb. 18, 397–403.
Homsy, J., Meyer, M., Tateno, M., Clarkson, S., Levy, J.A., 1989. The Fc
and not CD4 receptor mediates antibody enhancement of HIV infection
in human cells. Science 1357–1360.
Howell, A.L., Edkins, R.D., Rier, S.E., Yeaman, G.R., Stern, J.E., Fanger,
M.W., Wira, C.R., 1997. Human immunodeficiency virus type 1 in-
fection of cells and tissues from the upper and lower human female
reproductive tract. J. Virol. 71, 3498–3506.
Hussain, L.A., Lehner, T., 1995. Comparative investigation of Langerhans’
cells and potential receptors for HIV in oral, genitourinary and rectal
epithelia. Immunology 85, 475–484.
Janoff, E.N., Smith, P.D., 2001. Emerging concepts in gastrointestinal
aspects of HIV-1 pathogenesis and management. Gastroenterology
120, 607–621.
Jong, J.D., Simon, F., Groen, G.V.D., Baan, E., Saragosti, S., Brun-
Vezinet, F., Goudsmit, J., 1996. V3 loop sequence analysis of seven
HIV type 1 group O isolates phenotyped in peripheral blood mononu-
clear cells and MT-2 cells. AIDS Res. Hum. Retroviruses 12, 1503–
1507.
Jordan, N.J., Kolios, G., Abbot, S.E., Sinai, M.A., Thompson, D.A.,
Petraki, K., Westwick, J., 1999. Expression of functional CXCR4
chemokine receptors on human colonic epithelial cells. J. Clin. Invest.
104, 1061–1069.
Kage, A., Shoolian, E., Rokos, K., Ozel, M., Nuck, R., Reutter, W.,
Kottgen, E., Pauli, G., 1998. Epithelial uptake and transport of cell-free
human immunodeficiency virus type 1 and gp120-coated micropar-
ticles. J. Virol. 72, 4231–4236.
Keet, I.P.M., van Lent, N.A., Sandfort, T.G.M., Coutinho, R.A., van
Griensven, G.J.P., 1992. Orogenital sex and the transmission of HIV
among homosexual men. AIDS 6, 223–226.
Krieger, J.N., Coombs, R.W., Collier, A.C., Ross, S.O., Speck, C., Corey,
L., 1995. Seminal shedding of human immunodeficiency virus type 1
and human cytomegalovirus: evidence for different immunologic con-
trols. J. Infect. Dis. 171, 1018–1022.
Long, D., Berson, J.F., Cook, D.G., Doms, R.W., 1994. Characterization of
human immunodeficiency virus type 1 gp120 binding to liposomes
containing galactosylceramide. J. Virol. 68, 5890–5898.
Matsushita, S., Robert-Guroff, M., Rusche, J., Koito, A., Hattori, T.,
Hoshino, H., Javaheriam, K., Takatsuki, K., Putney, S., 1988. Charac-
terization of a human immunodeficiency virus neutralizing monoclonal
antibody and mapping of the neutralizing epitope. J. Virol. 62, 3107–
2114.
Moore, J.S., Hall, S.D., Jackson, S., 2002. Cell-associated HIV-1 infection
of salivary gland epithelial cell lines. Virology 297, 89–97.
Murdoch, C., Monk, P.N., Finn, A., 1999. Functional expression of che-
mokine receptor CXCR4 on human epithelial cells. Immunology 98,
36–41.
Newell, M.-L., 1998. Mechanisms and timing of mother-to-child transmis-
sion of HIV-1. AIDS 12, 831–837.
Nunes, I.P., Johannessen, A.C., Matre, R., Kistofferson, T., 1994.
Epithelial expression of HLA class II antigens and Fc gamma
receptors in patients with adult periodontitis. J. Clin. Periodontol.
21, 526 –532.
Pang, A., Yu, D., An, D.S., Baldwin, G.C., Xie, Y., Poon, B., C, Y.-H.,
Park, N.-H., Chen, I.S.Y., 2000. Human immunodeficiency virus
env-independent infection of human CD4- cells. J. Virol. 74,
10994 –11000.
Phillips, D.M., Zacharopoulos, V.R., Tan, X., Pearce-Pratt, R., 1994.
Mechanisms of sexual transmission of HIV: does HIV infect intact
epithelia? Trends Microbiol. 2, 454–458.
Putney, S.D., Matthews, T.J., Robey, W.G., Lynn, D.L., Robert-Guroff,
M., Mueller, W.T., Langlois, A.J., Ghrayeb, J., Petteway, S.R.,
Weinhold, K.J., Fischinger, P.J., Wong-Staal, F., Gallo, R.C., Bo-
lognesi, D.P., 1986. HTLV-III/LAV-neutralizing antibodies to an E.
coli-produced fragment of the virus envelope. Science 234, 1392–
1395.
Qureshi, M.N., Barr, C.E., Seshamma, T., Reidy, J., Pomerantz, R.J.,
Bagasra, O., 1995. Infection of oral mucosal cells by human immuno-
deficiency virus type 1 in seropositive persons. J. Infect. Dis. 171,
190–193.
Ramarli, D., Giri, A., Reina, S., Poffe, O., Cancedda, R., Varnier, O.,
Tridente, G., De Luca, M., 1995. HIV-1 spreads from lymphocytes to
normal human keratinocytes suitable for autologous and allogenic
transplantation. J. Invest. Dermatol. 105, 644–647.
Rozenbaum, W., Gharkhanian, S., Cardon, B., Duval, E., Coulaud, J.P.,
1988. HIV transmission by oral sex. Lancet i, 1395.
Rusche, J.R., Lynn, D.L., Robert-Guroff, M., Langlois, A.J., Lyerly, H.K.,
Carson, H., Krohn, K., Ranki, A., Gallo, R.C., Bolognesi, D.P., Putney,
S.D., Matthews, T.J., 1987. Humoral immune response to the entire
human immunodeficiency virus envelope glycoprotein made in insect
cells. Proc. Natl. Acad. Sci. USA 84, 6924–6928.
Schacker, T., Collier, A.C., Hughes, J., Shea, T., Corey, L., 1996. Clinical
and epidemiologic features of primary HIV infection. Ann. Intern.
Med. 125, 257–264.
Takeda, A., Tuazon, C.U., Ennis, F.A., 1988. Antibody-enhanced infection
by HIV-1 via Fc receptor-mediated entry. Science 242, 580–583.
Tan, X., Phillips, D.M., 1996. Cell-mediated infection of cervix derived
epithelial cells with primary isolates of human immunodeficiency vi-
rus. Arch. Virol. 141, 1177–1189.
Van De Perre, P., Simonon, A., Hitimana, D.-G., Dabis, F., Msellati, P.,
Mukamabano, B., Butera, J.-B., Goethem, C.V., Karita, E., Lepage, P.,
1993. Infective and antiinfective properties of breastmilk from HIV-1-
infected women. Lancet 341, 914–918.
Vernazza, P.L., Eron, J.J., Cohen, M.S., van der horst, C.M., Troiani, L.,
Fiscus, S.A., 1994. Detection and biologic characterization of infec-
tious HIV-1 in semen of seropositive men. AIDS 8, 1325–1329.
Weissman, D., Li, Y., Ananworanich, J., Zhou, L.J., Adelsberger, J.,
Tedder, R.F., Baseler, M., Fauci, A.S., 1995. Three populations of cells
with dendritic morphology exist in peripheral blood, only one of which
is infectable with human immunodeficiency virus type 1. Proc. Natl.
Acad. Sci. USA 92, 826–830.
Wille, J.J., Mansson-Rahemtulla, B., Rahemtulla, F., 1990. Characteriza-
tion of human gingival keratinocytes cultured in a serum-free medium.
Arch. Oral. Biol. 35, 967–976.
Worgall, S., Connor, R., Kaner, R.J., Fenamore, E., Sheridan, K., Singh,
R., Crystal, R.G., 1999. Expression and use of human immunodefi-
352 J.S. Moore et al. / Virology 313 (2003) 343–353
ciency virus type 1 coreceptors by human alveolar macrophages. J. Vi-
rol. 73, 5865–5874.
Yahi, N., Baghdiguian, S., Moreau, H., Fantini, J., 1992. Galactosyl cer-
amide (or a closely related molecule) is the receptor for human immu-
nodeficiency virus type 1 on human colon epithelial HT29 cells. J. Vi-
rol. 66, 4848–4854.
Yahi, N., Sabatier, J.-M., Baghdiguian, S., Gonzalez-Scarano, F., Fantini,
J., 1995. Synthetic multimeric peptides derived from the principal
neutralization domain (V3 loop) of human immunodeficiency virus
type 1 (HIV-1) gp120 bind to galactosylceramide and block HIV-1
infection in a human CD4-negative mucosal epithelial cell line. J. Vi-
rol. 1995, 320–325.
Zella, D., Barabitskaja, O., Burns, J.M., Romerio, F., Dunn, D.E., Revello,
M.G., Gerna, G., Jr, M.S.R., Gallo, R.C., Weichold, F.F., 1998. Inter-
feron- increases expression of chemokine receptors CCR1, CCR3,
and CCR5, but not CXCR4 in monocytoid U937 cells. Blood 91,
4444–4450.
Zhu, T., Mo, H., Wang, N., Nam, D.S., Cao, Y., Koup, R.A., Ho, D.D.,
1993. Genotypic and phenotypic characterization of HIV-1 in patients
with primary infection. Science 261, 1179–1181.
353J.S. Moore et al. / Virology 313 (2003) 343–353
